ABSTRACT: Geogrid has been widely used for construction of reinforced earth structures, such as roads, foundations, slopes, and walls. It may be damaged during the compaction process. Strength reduction due to installation damage should be considered in the design. The strength reduction factor is often determined by field trials, which are costly and time consuming. In this study, the numerical software-FLAC2D was adopted to investigate the responses of pre-damaged geogrids with rectangular apertures when subjected to a uniaxial tensile load at different directions relative to the orientations of ribs in air. To simulate the combined loss of rib and junction strengths, specimens were pre-damaged by reducing strength and stiffness of specific geogrid ribs by a certain percentage. The geogrid ribs were modeled using beam elements jointed rigidly at nodes and subjected to tension in one direction. The numerical study demonstrated that the pre-damaged geogrid with rectangular apertures had the same responses when it was subjected to tension at the loading directions. The pre-damaged geogrids under 30° tension were most sensitive to the damage. With the increase of the degree of damage, the tensile strengths decreased relative quickly. An increase of the degree of installation damage of ribs reduced the tensile strength/stiffness of the geogrid with rectangular apertures. A higher reduction factor (RF ID ) due to installation damage is suggested when the geogrid is subjected 30° tension relative to the orientation of ribs.
INTRODUCTION
Geogrid has been widely used for construction of reinforced earth structures, such as roads, foundations, slopes, and walls. After geogrid is placed above fill and then covered by another layer of fill, it needs to be compacted by a compactor. The placement and compaction of fill material during construction may cause damage to the geogrid. Some damage is likely unavoidable and must be taken into account in design. The damage of geogrid results in the reduction of its tensile strength and stiffness. The degree of strength reduction of the geogrid is often evaluated by field trials and quantified by a strength reduction factor. The investigation of installation damage of geogrids using full-scale field tests has been performed since 1980s (for example, Bush 1988; Troost and Ploeg 1990; Rainey and Barksdale 1993; Watts and Brady 1994; Hsieh and Wu 2001) . It has shown that the extent, severity and type of damage depend on the degree of care exercised during the construction, the type and number of passes of machinery employed (Watts and Brady 1994) , the graduation, angularity and condition of the fill material (Troost and Ploeg 1990; Rainey and Barksdale 1993; Hsieh and Wu 2001) . Laboratory tests on installation damage of geogrids are preferred considering time and cost-effectiveness, such as those performed by Paula et al. (2004) , Huang and Chiou (2006) , Huang (2006) , and Huang and Wang (2007) .
The damage process is stochastic. Therefore, it is practically impossible to predict the actual manner and extent of damage that a given reinforcement may suffer under all construction conditions. Considering the variability involved, a numerical method was adopted in the present study to evaluate the effect of installation damage upon the tensile strength of a given geogrid. The proposed method does not address the susceptibility of a geogrid to damage, but rather it focuses on the effect of a certain amount of damage on the tensile strength. It will be seen that even a relatively large amount of damage to geogrid ribs does not substantially affect the tensile strength of the geogrids used in this investigation.
To simulate the combined loss of ribs and junction strength, specimens were pre-damaged by reducing the strength and stiffness of the geogrid rib by a certain amount. For the comparison purpose, the geogrid specimen of the same dimension without any damage was also simulated. This paper focuses on the quantitative evaluation for the reduction factor due to installation damage of a geogrid with rectangular apertures using the numerical method.
NUMERICAL MODELING
In this study, FLAC 2D program Version 5.0 was adopted to investigate the behavior of a pre-damaged geogrid with rectangular apertures. The finite difference software -FLAC (Fast Lagrangian Analysis of Continua) 2D has been successfully used by many researchers to study geotechnical problems, for example, Han and Gabr (2002) and Huang et al. (2009) . In the Han and Gabr (2002) study, the geosynthetic reinforcement was considered as linear elastic materials. Huang et al. (2009) used cable elements to model the geosynthetic reinforcement. Dong et al. (2010) used beam elements to investigate the stressstrain responses of biaxial geogrids under tension. Dong et al. (2011) used the same beam elements simulated the tensile behavior of both biaxial and triaxial geogrids.
Model considerations
With a linearly elastic-perfectly plastic behavior, beam elements were used in this study to represent punched-drawn geogrids. All the beam elements were jointed rigidly at nodes to form apertures and a geogrid sheet. A large-strain mode was chosen for the analysis to consider the possible large deformation of a geogrid specimen.
To model a geogrid sample at different installation damage conditions, certain extent of damage was assigned to the geogrid ribs. Only the geogrid ribs in the middle of the whole test sheet along the cross-machine direction was predamaged (i.e, the red line in the middle). The analyses of the behavior of these cases will be presented in the following section. The degree of damage was mainly determined by reducing the ultimate tensile strength of the assigned geogrid ribs to a desired value (i.e., 0%, 25%, 50%, and 75% reduction of the ultimate tensile strength). The geogrid sheet was rotated around a fixed centroid to a desired angle (0, 45, 60, and 90 degrees) to model a pre-damaged geogrid specimen subjected to an unaxial tensile load at a different direction. The whole pre-damaged geogrid sheet specimen was cut into the dimension required for a wide width tensile test, and then subjected to a horizontal tensile force. The minimum size of the geogrid specimen used in a tensile test should have a dimension of 300 mm long and 200 mm wide (ASTM D6637-01). The geogrid specimen without any damage (i.e., the degree of damage equals to 0) was also simulated for the comparison purpose.
To simulate a tensile test in a laboratory, a mesh size of 330 mm by 200 mm was selected for the pre-damaged geogrid specimen for this analysis. The actual specimen size larger than the minimum size of 300 mm by 200 mm required by ASTM D6637-01 was to accommodate complete apertures. The aperture size was selected based on a real punched-drawn biaxial geogrid, available in the market. To simulate a tensile test in a laboratory, the mesh was created by fixing the movement in x and y directions and rotation around each node at the left boundary as shown in Fig. 1 . The right boundary could only move in the x direction but not in the y direction. The right boundary did not allow any rotation either. This boundary was created to simulate a clamp in a laboratory test. The top and bottom boundaries of these meshes were free for displacements in the x and y directions. Fig. 1 shows the numerical mesh for the pre-damaged geogrid oriented in a 0-degree angle (i.e., the cross-machine direction of the geogrid) as an example. The numbers on the mesh in Fig. 1 represents the numbers of the beam elements in the numerical model. On each node on the right boundary, an equal velocity at 5e -8 m/step was applied horizontally with an increasing magnitude until the failure of the sample. 
Model verification
A punched-drawn geogrid with rectangular apertures available in the market was selected to verify the numerical model. The aperture dimension was 25 mm in the machine direction (MD) and 33 mm in the cross-machine direction (XMD). The rib thickness and width were 1.27 mm and 3 mm, respectively. The tensile stress at 2% strain was 6.0 kN/m in the machine direction and 9.0 kN/m in the cross-machine direction. The ultimate tensile strength values in the machine and cross-machine directions were 19.2 kN/m and 28.8 kN/m, respectively. The elastic moduli and yield strengths of the beam elements were determined based on the tensile stresses at 2% strain and the ultimate strengths in the machine and cross-machine directions, respectively. Fig. 2 shows the numerical results compared with the test data for the real geogrid with rectangular apertures. The comparison shows reasonable agreement for the tensile stiffness (i.e., the initial slope) and the ultimate tensile strength (i.e., the horizontal line) in both XMD (0-degree direction) and MD (90-degree direction) between the numerical and experimental results. Detailed discussion on this verification can be found in Dong et al. (2010) .
Figure 2. Comparison of numerical and test results of the geogrid with rectangular apertures at 0 and 90 degrees (Dong et al. 2010).
As discussed above, the real geogrid product with rectangular apertures has different tensile stiffness and strength values in MD and XMD. As a result, the ribs for this product have different tensile stiffness and strength values in MD and XMD. To investigate the effect of the tensile stiffness and strength, a simplified geogrid with the same apertures and equal rib tensile stiffness and strength values in MD and XMD was selected and analyzed by Dong et al. (2011) . For the simplified geogrid, it had the same material properties in both MD and XMD as those in XMD for the real geogrid. It is shown that the numerical results of the stress-strain responses of the geogrids subjected to 0 to 90-degree loading using the simplified properties matched those using the real properties of geogrid reasonably well except those at a 90-degree loading. It is understandable that the simplified geogrid had higher tensile stiffness and strength at the 90-degree loading than the real geogrid as discussed above. Detailed discussion on this simplification can be found in Dong et al. (2011) . The simplified geogrid model with rectangular apertures was also used in this study. The parameters used in this study are provided in Table 1 . The geogrid is designated as Geogrid B together with a pre-damaged degree (i.e. B-0, B-25, B-50, and B-75). All the geogrids had the same cross-section area of ribs and moment of inertia with the value of 3.81×10 -6 m 2 and 10 -12 m 4 , respectively. Geogrids B-25 had a 25% reduction of both elastic modulus and yield strength as compared with Geogrid B-0. 
NUMERICAL RESULTS AND ANALYSIS
The degree of damage was mainly determined by reducing the ultimate tensile strength of the assigned geogrid ribs to a desired value (i.e., 0%, 25%, 50%, and 75% reduction of the ultimate tensile strength). The loss of tensile strength due to damage was evaluated by the reduction factor (RF ID ) against installation damage. Here, the reduction factor (RF ID ) is defined as the ratio of the tensile strength of intact geogrid specimen to the tensile strength of the predamaged geogrid specimen. Fig.3 shows the stress-strain curves of different degree of damage. The first number in the figures (i.e., 0, 30, 45, and 90) represents the loading direction relative to the orientation of ribs while the second number (i.e., 0, 25, 50, and 75) represents the degree of damage. Also the results of the intact geogrid (i.e., the degree of damage equals to zero) are listed in the same figure. The curves are plotted using the average strain. Dong et al. (2011) demonstrated that the stressstrain curves for geogrids at different directions of loading are the same based on either the maximum strain or the average strain except for geogrid at 45 loading. All the curves with different degree of damage at the same loading direction shows the similar trends. As shown in Fig. 3 , the pre-damaged geogrids under 30°tension were most sensitive to the damage. With the increase of the degree of damage, the tensile strengths decreased relative quickly. The pre-damaged geogrids under 0° tension had a relative higher sensitivity to the damage. However, the tensile strengths at the 45° loading were slightly different at different degree of damage. The tensile strengths at the 60°and 90° loadings were nearly the same at different degrees of damage, respectively. Only the curves of at 90° loading are listed here for illustration. It can also be concluded that the tensile stiffness (i.e., the initial slope) was constant for each predamaged geogrid at a certain loding direction except geogrid at 45° loading.
Stress-strain Curves

Reduction factors due to installation damage
The results of the reduction factor (RF ID ) against installation damage are summarized in Fig. 4 . With the increase of the degree of installation damage, the tensile strengths decreased linearly. Especially for the geogrid under 30°t ension, the PT R decreased sharply from 100% to 37%. The reduction factors due to installation damage ranged from 1.0 to 2.69. For the geogrid under 30°t ension, the RF ID reached 1.70 at the damage of 50%, which is larger than 1.2-1.5 suggested by Koerner (2005) for the installation damage. Thus, a higher RF ID value due to installation damage is suggested when subjected 30° tension relative to the orientation of ribs.
